1. Introduction {#s0005}
===============

Working Memory (WM), known to play a critical role in human cognition ([@bib7], [@bib18]), refers to the ability to hold information in mind for a short amount of time. It is hypothesized that WM includes storage mechanisms that maintain its content in an active state, and executive processes that can perform operations on the stored information ([@bib7], [@bib40]). WM is a key determinant of several higher-order cognitive functions, such as reasoning, problem solving, intelligence, and language comprehension ([@bib29], [@bib11], [@bib64]). Like many other cognitive domains, WM capacity declines with age ([@bib95]). This decline is thought to contribute to a range of cognitive impairments in older adults ([@bib72]), such as language learning, decision making, problem solving, and reading comprehension ([@bib30]), as well as decreases in daily life functioning, such as medication adherence ([@bib76]). Thus, WM improvement has been the focus of cognitive training in older adult populations with the expectation that enhanced WM will generalize to a wide range of cognitive functions (see meta analysis [@bib4]; [@bib41], but see also [@bib59]).

Typical WM training protocols require multiple weeks of daily practice, suggesting that training-induced changes are slow to form, and that the benefits can last up to 18 months ([@bib24]). Little is known about the biological factors that may contribute to these long-term changes, but sleep may play a role. To be sure, a sleep deprived brain shows less effective executive functioning, including decreases in WM, attention, and goal-directed behavior ([@bib66]). In young adults, studies have shown significant reductions in WM performance after a night of sleep deprivation compared to controls ([@bib21], [@bib20], [@bib63]). Interestingly, older adults may be somewhat resilient to prolonged wakefulness, with greater maintenance of WM performance after sleep deprivation compared with young adults ([@bib75], [@bib85], [@bib1], [@bib28]). In light of the significant reductions to sleep in older adults ([@bib8], [@bib67], [@bib96]), this resilience to sleep deprivation has been viewed as a potentially adaptive response to living with more fragmented and lighter sleep. However, no studies, that we are aware of, have compared whether sleep or wake improves WM among older population. If sleep does confer greater benefit, considering it as a controllable biological factor in cognitive training would likely enhance outcomes and quality of life of older adults ([@bib76]).

A growing body of studies showed that long-term memory is facilitated by sleep ([@bib26]). Marr's theory of memory consolidation ([@bib50]) posits that information is transferred between the hippocampus and neocortex during periods of quiescence, including sleep and quiet rest. Neural activities in non-rapid eye movement (NREM) frequency bands including slow oscillations (SO, \<1 Hz, high voltage cortical Up and Down states reflecting periods of neuronal spiking and silencing, respectively) and spindles (bursts of 12--15 Hz thalamo-cortical activity, sigma) have been shown to play critical roles in both formation and consolidation of long-term memory ([@bib58]). In fact, SOs appear to be the fundamental cellular phenomenon that organize faster electrophysiological frequencies important for memory formation, like sleep spindles ([@bib86], [@bib60]). SO's originate more frequently in frontal brain areas and are hypothesized to play major role in time-dependent synaptic plasticity during sleep ([@bib55]). Intriguingly, recent studies suggest that not only are the spindle frequency (sigma power) and SOs independently associated with performance improvement ([@bib22], [@bib33], [@bib58], [@bib70], [@bib80]), but the coincidence or coupling of SOs and sigma (SO/sigma) may also be a key mechanism of long-term memory formation during sleep ([@bib60], [@bib84]), with several studies suggesting that sigma activity during the SO up-state are optimal ([@bib65], [@bib32], [@bib61]). Older adults typically show decreased amplitude of SOs (0.5--1 Hz) ([@bib19], [@bib52]). Additionally, a recent study examining coupling of sigma and SO in relation to fMRI brain activity and memory performance in older adults ([@bib36]), reported changes in spindle/SO coupling and decreased coupling over the frontal pole with age. Note that in both age groups spindle/SO coupling predicted post-sleep declarative memory improvement. Together, these findings suggest that long-term memory formation benefits from increased sigma and SO activity independently, as well as from the coordination of these brain rhythms. However, no studies have probed the relationship between these electrophysiological features that usually occur during sleep and working memory in older adults.

It is important to note that memory consolidation may also occur during wake. In particular, post-encoding wake periods free of interference from new learning, such as quiet wake, may engage similar consolidation mechanisms, an idea proposed by the Opportunistic Consolidation Hypothesis ([@bib57]). This hypothesis posited that replay processes underlying consolidation may initiate under any condition of reduced interference. Consistent with this hypothesis, Rieth and colleagues, demonstrated equivalent levels of learning from sleep and quiet wake on a motor learning task, in which non-sleep factors (i.e., massed practice and circadian confounds) were controlled ([@bib77]). A similar result was shown for early motor learning ([@bib39]). Additionally, Brokaw and colleagues, reported that verbal memory improvement was greater after a brief period with eyes closed, compared with an active wake condition, and increased SO activity during quiet wake was correlated with performance improvement ([@bib14]). Given the emerging picture in aging of poor sleep, decreased SO power and sigma/SO coupling, and apparent resilience to the negative cognitive impact of sleep deprivation, it is possible that aging may give rise to plasticity mechanisms that opportunistically activate consolidation processes during non-sleep offline states. Taken together with evidence of marked deterioration in WM and frontal neural structures supporting executive functioning, we propose that understanding offline mechanisms of working memory function in older adults may help slow decline by providing potential routes to interventions.

The present study examined the effect of a nap, quiet wake (QW) or active wake (AW), on repeated within-day training in a WM task in older adults. Participants completed the Operation Span (OSPAN) task ([@bib90]) to assess WM performance. Based on the Opportunistic Consolidation hypothesis, we predicted that across a day of training, nap and QW interventions would have similar impacts on WM improvement and would be better for WM than an AW. We additionally predicted that improvement among the nap and QW in within-day WM accuracy would be related to enhanced electrophysiological features, including activity in SO frequency band, and in SO/sigma coupling during sleep.

2. Method {#s0010}
=========

2.1. Subjects {#s0015}
-------------

85 (42 females) healthy, non-smoking older adults between the ages of 60 and 85 (*M* = 69.24, *SD* = 6.66) gave informed consent to participate in the study. Inclusion criteria included having a regular self-reported sleep schedule, which was defined as getting at least 6 h of total sleep per night on average. Subjects had no personal history of sleep, neurological or psychological disorders, or other chronic illnesses. The personal history of illnesses were measured two times: first, during a pre-screening questionnaire in which a general health condition report was collected over the phone and the eligibility was determined: second, eligible subjects were invited to participate in an orientation in which they were given details about the study. During the orientation, subjects were screened for cognitive impairment and dementia using Digit Span Backwards and Telephone Screening for Dementia questionnaires (referred to as TELE) ([@bib34]). In the digit span backwards which contains a multi variate length string of digits, subjects were asked to repeat the string of digits backwards after it was read to them. TELE questionnaire consists of variety of questions to identify dementia-like symptoms. All the experimental procedures were approved by the Institutional Review Board of the University of California at Riverside. Subjects with a regular sleep-wake schedule, determined during an in-person interview, were recruited and asked to maintain their schedule for one week prior to their visit, which was monitored with sleep diaries. In addition, subjects were asked to wear an actigraphy (Actiwatch Spectrum, Respironics) for one night prior to their visit. Subjects were rescheduled if they reported poor sleep quality in their sleep diary, such as having more than 2 nights of less than 6 h of sleep during the week prior to their visit, or if subjects' actigraphy data was showing less than 6 h of sleep the night before the experimental visit. Rescheduled subjects were given another week to fill out a new sleep diary and maintain a regular sleep wake schedule prior to their visit.

2.2. Protocol {#s0020}
-------------

Subjects were asked to refrain from consuming caffeine, alcohol, and all stimulants for 24 h prior to and including the study day. During their visit, Test 1 began at 10:30 ([Fig. 1](#f0005){ref-type="fig"}-A). Subjects first were given the Karolinska Sleepiness Scale questionnaire (KSS) ([@bib3]) to assess their sleepiness. Next, subjects completed the Operation Span (OSpan) task. The task consisted of a practice phase followed by an immediate test. At 11:30, subjects were given 1hr‐break in the lab and they were instructed to abstain from caffeine, alcohol, exercise and napping. At 12:30, subjects were randomly assigned to either a nap condition (NAP), a quiet wake condition (QW) or an active wake condition (AW). A high-density electroencephalogram (EEG) electrode cap was attached to the scalps of the NAP and QW groups. For the NAP group, subjects were provided a 2‐hour nap opportunity and were allowed to sleep up to 90 min. In the QW conditions, subjects watched a 60-min nature documentary in a dark room lying on the bed while being monitored by lab staff to make sure they did not fall sleep. In the AW group, subjects stayed awake and played a board game with one of the lab research assistants. 30 min after the sleep intervention Test (i.e., Nap, QW or AW), around 15:00, subjects participated in Test 2 during which they were tested on the WM task for approximately 30 min. Subjects completed the KSS and PNQ questionnaire two times throughout the experimental day; at the start of each cognitive Test (i.e., Test 1 and Test 2) to report their sleepiness and mood respectively.Fig. 1A) Experimental visit. At 10:30, subjects completed the Working Memory (WM) task at Session 1, followed by a short break. Next, subjects were randomized to one of three nap interventions (AW, QW, Nap). At 15:30, Session 2 WM testing began. B) The Operation span WM task. The WM task contained nine practice and 20 test trials. The nine practice trials were not counted towards the subjects' final score. Subjects viewed a serial visual display of letters and math problems. They were asked to hold the letters in memory while simultaneously determining if the simple math problems were correct or not. This was followed by a response period where subjects were asked to type the letters in the previously viewed order.Fig. 1

2.3. WM Task {#s0025}
------------

The WM task contained nine practice and 20 test trials. The nine practice trials were not counted towards the subjects' final score. Subjects viewed a serial visual display of letters and math problems and then were asked to recall the string of the letters. In fact, they were asked to hold the letters in memory while simultaneously determining if the simple math problems were correct (e.g., 7 + 5 = 13). The letter strings were always 5 letters long ([Fig. 1](#f0005){ref-type="fig"}-B). Subjects were tested in the WM task before (Test 1) and after (Test 2) the nap intervention. Each of the simple math equations were presented on the screen for 3000 ms and each letter was presented for 1000 ms. Subjects were instructed to press the "M" key with their right hand if the simple math equation was correct and press the "V" key with their left hand if the equation was not correct. Subjects' data were only included in the analysis if they performed equal and/or greater than 75 percent correct on the math portion of the task. After each trial, a question mark appeared on the screen to signal the response period. Subjects were required to enter the letters in the same order they were presented. The recall part of the task was not timed and subjects were not able to go to the next trial until the correct number of letters was entered. Then, a "Ready?" prompt appeared on the screen and subjects were instructed to press the space bar to start the next trial when they were ready. Four breaks were inserted throughout the task. Test 2 was identical to Test 1.

2.4. Data Reduction {#s0030}
-------------------

In this study, if subjects were not comfortable during any part of the experimental day, they were compensated for the portion that was completed and were exempt from finishing the day (2 subjects decided to drop out after Test 1 both from AW group). In addition, three subjects were dropped because they did not pass the math criterion (i.e., 75 percent correct) (1 AW, and 2 QW).

2.5. Electroencephalography (EEG) {#s0035}
---------------------------------

EEG data were acquired using a thirty two-channel cap (EASEYCAP GmbH) with Ag/AgCI electrodes placed according to the international 10--20 System (Jasper, 1958). Electrodes included 24 scalp, two electrocardiogram (ECG), two electromyogram (EMG), two electrooculogram (EOG), 1 ground, and 1 on-line common reference channel. EEG signals were recorded at a 1000 Hz sampling rate and referenced on-line to the common reference channel. After data acquisition, EEG signals were re-referenced:the right side of the scalp were re-referenced to the left mastoid and the electrodes on the left side of the scalp were re-referenced to the right mastoid. Sleep architecture variables included minutes and percentage of Stage 1, Stage 2, slow wave sleep (SWS) and rapid eye movement (REM), as well as total sleep time (TST), sleep latency (SL), wake after sleep onset (WASO) and sleep efficiency (SE).

2.6. Electrophysiological data {#s0040}
------------------------------

NAP and QW Raw EEG signals were digitally band-pass filtered between 0.3 and 35 Hz. All epochs of the filtered data with artifacts and arousals were identified by visual inspection and rejected. Next, the EEG data were scored using Hume, a custom MATLAB toolbox. The records were scored in 30 seconds epochs using eight scalp electrodes: Frontal (F3, F4), Central (C3, C4), Parietal (P3, P4), and Occipital (O1, O2). Sleep stages epochs were exported for further analysis in MATLAB 2011b (MathWorks, Natick MA). The MATLAB output files from Hume were first passed to BrainVision Analyzer 2.0 (BrainProducts, Munich Germany) for pre-processing. Next, the data was passed to two other MATLAB based algorithms to measure SO Power and SO/Sigma coupling (developed by Sleep and Cognition Lab (SaC lab) at University of California, Irvine). For both the nap group, the SO power spectral analysis and SO/Sigma coupling analysis were conducted within each sleep stage separately. For EEG power spectrum, we used the Welch method (4 second Hanning windows with 50% overlap) ([@bib16]). The SO power was calculated for each sleep stage (i.e., Stage 2, SWS and REM). In addition, given that, SOs show the strongest relative amplitude at frontal electrode cites ([@bib55]; Murphy et al., 2009), we made the a priori decision to use F3 and F4 electrode cites for our analysis of slow oscillations for both nap and QW data.

SO/Sigma coupling was obtained by means of Modulation Index (MI). First, slow oscillations were detected automatically as described by Massimini and colleagues (2004). Filtered EEG data with negative to positive zero crossings separated by 0.5 to 1.5 second were detected. The detected zero crossings were labeled as SOs if the following criteria were met: a minimum width of 1 second a maximum negative peak width of 10 second and a minimum amplitude of −80 uV. Next, transient coupling between the phase of slow wave oscillations (SO) and sigma power (12--15 Hz) during stage 2 and SWS stages was measured as described by Canolty and colleagues (2006). Assuming an EEG signal (x\[n\]) sampled at times t_n, n = 1,2,...,N was then bandpass filtered into the two frequency bands of interest, sigma and SO bands. Applying Hilbert Transform to these two filtered signals allowed us to form the composite complex-valued signal (analytic signal) giving us the amplitude of the sigma and the phase of the SO. The absolute value of the mean of Z\[n\], $Z\left\lbrack n \right\rbrack = {}a_{\mathit{Sigma}}{\lbrack n\rbrack}{\exp ⁡}{(\mathit{i}}\phi_{\mathit{SO}}{\lbrack n\rbrack)}$ the so-called MI, provides the coupling between the sigma-amplitude and SO-phase ([@bib17]). If we assume a uniform distribution of SO-phase, any departure of the distribution of Z\[n\] from symmetry will show a dependence of the sigma amplitude (sigma-amplitude) on the SO phase. Hence, a non-zero value of MI (here we call it MI_raw) indicates some amount of phase-amplitude coupling ([@bib74]). To take into account the possible over-estimate of MI due to non-white noise in the signal, we normalized MI_raw by comparing it to the possible modulation indexes found in specifically generated surrogate data generated by introducing an arbitrary time lag between sigma-amplitude and SO-phase. Using many different lags, a distribution of surrogate MI values was generated, with mean μ and standard deviation σ and the normalized MI was computed as follows:

M_norm=(M_raw−μ)/σ. Further, given that sigma frequency band shows the most power over central regions ([@bib48]), for our MI analysis, we made the a priori decision to use C3 and C4 which will likely capture a more accurate representation of SO/sigma activity.

### 2.6.1. Statistical analysis {#s0045}

Performance was assessed by calculating the following variables for each test of the WM task: Accuracy and Reaction Time (RT). Accuracy represents the total number of correctly remembered letters. RT represents the time spent providing the correct sequence of letters. We used a Univariate ANOVA with Test 1 as the dependent variable and sleep condition as the fixed factor to test for baseline differences in accuracy and RT across the three groups. In addition, to assess performance change related to sleep, we calculated a difference score (Test 2 -- Test 1), with positive difference scores indicating an *improvement* in WM accuracy throughout the day, and positive RT difference scores indicating a *deterioration* in speed throughout the day. We first used a 2 × 3 repeated measure ANOVA with the dependent variables Test 1 and 2 and the fixed factor sleep condition (i.e., nap, QW and AW). To examine changes in performance throughout the day *within* each group, we next used paired sample *t*-test. Finally, we used bivariate correlations to assess the relationships between WM performance and sleep physiology events (i.e., sleep architecture, SO power and normalized MI) for the nap group. In addition, we used bivariate correlations to assess the relationships between WM performance and SO power during QW. Further, to control for multiple comparisons for correlations between WM performance and SO power at different electrodes (i.e., F3 and F4) we used Bonferroni method, meaning that p-values are considered significant if less than/equal 0.025 and trending if greater than 0.025 and less than/equal 0.05. Similarly, we corrected for multiple comparisons for correlations between MI at different electrodes (i.e., C3 and C4) and WM performance.

3. Results {#s0050}
==========

3.1. Working Memory Performance {#s0055}
-------------------------------

We found no baseline differences between groups in accuracy \[Test 1: *F*(2,77) = 0.34, *p* = 0.71\] or RT \[Test 1: *F*(2,77) = 1.66: *p* = 0.19\], indicating the three groups performed similarly at the start of the training. Our 2 × 3 repeated measure ANOVA, with factors Time (Test 1 and 2) and Group (Nap, QW, AW) revealed no significant interaction effects for accuracy \[*F*(2,77) = 0.60: *p* = 0.55; RT: *F*(2,77) = 0.24: *p* = 0.78\] but a significant main effect of Time \[accuracy: *F*(2,77) = 11.7: *p* = 0.001; RT: *F*(2,77) = 5.65: *p* = 0.02\]. Thus, regardless of group (i.e. nap, QW or AW), all subjects improved in performance throughout the day. Given our a priori prediction that a nap and QW would confer greater benefit to WM improvement than AW, we statistically tested the magnitude of change in each group, despite the non-significant omnibus interaction. We used student paired *t*-test to examine the change in performance during the day, from Test 1 to Test 2, separately in each group. WM improvement was not shown in the AW group \[accuracy: *t*(24) = −1.26, *p* = 0.22; RT: *t*(24) = 1.35, *p* = 0.19\]. However, QW showed significant improvement in both accuracy and RT throughout the day \[accuracy: *t*(20) = −2.05, *p* = 0.05; RT: *t*(20) = 2.29, *p* = 0.03\]. In addition, the nap group showed significant improvement in accuracy \[*t*(33) = −2.56, *p* = 0.01\], but not RT \[*t*(33) = 1.65, *p* = 0.10\] (see [Fig. 2](#f0010){ref-type="fig"}). These results indicate that since, all the three groups started at a similar level, any improvement from baseline is more likely related to the sleep intervention. Next, we examined the relation between the WM performance change observed between Test 1 and 2 with sleep features during the nap and quiet wake periods.Fig. 2Working Memory (WM) performance across the three experimental groups. 1) WM accuracy was significantly improved from Session 1 (Black bar) to Session 2 (Hatched bar) in a paired sample *t*-test in the Nap and QW group. 2) WM Reaction Time (RT) was significantly improved from Session 1 to Session 2 only in QW group. (\* represent p-values \< 0.05).Fig. 2

3.2. Quiet Wake-SO Power and WM Performance {#s0060}
-------------------------------------------

SO power descriptive for QW can be found in [Table 2](#t0010){ref-type="table"}. In the QW group, increase in WM accuracy from Test 1 to Test 2 was positively associated with SO power at F4 (*r* = 0.58, *p* = 0.02) (See [Fig. 3](#f0015){ref-type="fig"}). This result indicates that higher SO activity during a quiet period relates to greater gain in WM performance among the participants. SO power did not reveal significant association with RT (*p*\> 0.08).Fig. 3WM accuracy difference score association with 1) QW_SO power at F4 (significant) and 2) Nap_SO power at F4 (trend).Fig. 3

3.3. Nap Architecture and WM Performance Associations {#s0065}
-----------------------------------------------------

Sleep architecture can be found in [Table 1](#t0005){ref-type="table"}. No significant association was found between WM accuracy and sleep architecture variables (all *p*s\> 0.09). RT at Test 2 was negatively associated with time spent in SWS (minutes: *r* = −0.45, *p* = 0.007; percentage: *r* = −0.40, *p* = 0.02) indicating that more time spent in SWS is associated with better RT after the nap.Table 1Sleep summaries during nap.Table 1Image 1![](fx1.gif)[^1]

3.4. Sleep-SO Power and WM Performance Associations {#s0070}
---------------------------------------------------

Descriptive analysis of SO power for nap can be found in [Table 2](#t0010){ref-type="table"}. In addition, since only 7 subjects had REM sleep in their nap, the associations between REM sleep and performance were not measured. Further, r effect sizes for all the associations between the WM improvement and brain physiology events can be found in [Table 3](#t0015){ref-type="table"}. In the nap group, increase in WM accuracy from Test 1 to Test 2 had a trending positive association with SO power during stage 2 sleep at F4 (*r* = 0.36, *p* = 0.05). In addition, WM accuracy at Test 2 was positively associated with SO power during NREM sleep at F4 (Stage 2 sleep: *r* = 0.42, *p* = 0.02; SWS: *r* = 0.48, *p* = 0.05 (trend)). Further, faster RT at Test 2 was associated with higher SO power during SWS at F4 (*r* = −0.51, *p* = 0.004). Together, these results indicate that WM performance may be increased with greater offline SOs.Table 2Slow Oscillation power summaries during nap.and quiet wake.Table 2Image 2![](fx2.gif)[^2][^3]Table 3QW and nap physiology association with Working Memory performance.Table 3Image 3![](fx3.gif)[^4]

3.5. Sleep Modulation Index and WM Performance Associations {#s0075}
-----------------------------------------------------------

Next, we examined the potential benefit of greater sigma/SO coupling for WM improvement by correlating normalized MI with performance. The accuracy difference score was positively correlated with MI in SWS \[C3: *r* = 0.69, *p* = 0.006; C4: *r* = 0.65, *p* = 02.\] (See [Fig. 3](#f0015){ref-type="fig"}). In addition, Test 2 WM accuracy was positively correlated with MI in SWS (C4: *r* = 0.65, *p* = 0.02). Further, faster RT at Test 2 had a trending association with MI in SWS at C4 (*r* = −0.59, *p* = 0.03). Change in RT did not show any association with MI during sleep (all *p*s\> 0.09). Thus, increased phase amplitude coupling between sigma and SO during SWS was related to better WM accuracy. MI in Stage 2 sleep was not associated with WM performance (all ps\> 0.38 s). ([Fig. 4](#f0020){ref-type="fig"}).Fig. 4WM accuracy difference score association with 1) MI during SWS at C3 (significant) and 2) MI during SWS at C4 (significant).Fig. 4

3.6. Self-reported Sleepiness and WM Performance {#s0080}
------------------------------------------------

We also examined the extent to which sleepiness in each group may have predicted performance differences. Using One Way ANOVA here, we found that the amount of self-reported sleepiness (Karolinska Sleepiness Scale (KSS)) at the beginning of Test 1 (KSS-am) was similar across our three groups (*F*(2,67) = 1.047, *p* = 0.36). However, at the beginning of Test 2 (KSS-pm), after the sleep intervention, we found a significant difference in self-reported sleepiness between the groups (*F*(2,69) = 11.55, *p* \<= 0.001). Post hoc analysis with Bonferroni corrections, revealed that the amount of sleepiness was not different between AW and QW (*p* = 0.21), but significantly lower in the nappers compared with both AW (*p* \< 0.001) and QW (*p* = 0.04). In addition, both KSS-am and KSS-pm were was not associated with WM performance at Test 1 and Test 2 respectively in any of the groups \[accuracy: all *p*s\> 0.37; RT: all *p*s\> 0.27\]. Together, these results suggest that even though the amount of self-reported sleepiness was lower among the nappers compared to both wake groups, considering gain in WM accuracy in both nap and QW and the lack of association between self-reported sleepiness and WM performance among all the three groups, self-reported sleepiness may not have directly contributed to the reported performance changes.

4. Discussion {#s0085}
=============

We investigated the impact of a nap, quiet wake and active wake on within-day training on a working memory (WM) task in older adults. We found that WM improved within a day of practice among our three groups, with significant levels of improvement shown only after offline periods containing naps and quiet wake, but not active wake. Furthermore, offline slow oscillation power in both the nap and quiet wake was associated with gain in WM performance. The nap provided additional benefit to WM as performance improvement was also correlated with SO/sigma coupling during SWS. Together, these findings suggest that experience-dependent changes in WM in older adults may benefit from specific neural activity shared across quiet wake and deep sleep.

WM, which is critical for a wide variety of cognitive abilities and real-world activities ([@bib6]), declines in late adulthood ([@bib9], [@bib73], [@bib10]). These decreases have been associated with broad cognitive impairments in older adults ([@bib72]), including reading comprehension, decision making, problem solving, and vocabulary learning ([@bib30]). In addition, this decline may impact daily life functioning, such as medication adherence ([@bib76]). Therefore, investigating the possibilities of improving WM functioning across the lifespan has been a primary focus of many cognitive training studies (for reviews, see [@bib42]; [@bib82]; [@bib87], [@bib88]; [@bib62]), with many reporting gains ([@bib47], [@bib15], [@bib46], [@bib24], [@bib11], [@bib81], [@bib78], [@bib44], [@bib43]). For example, Li and colleagues (2008) examined younger (20--30 years old) and older (70--80 years old) adults in a 45-day practice period on a 2-back WM task and reported substantial performance gains in both age groups compared to the age-matched control. Similarly, young and older adults who practiced a WM task three times a week for five weeks (11 h of training in total) showed significant WM improvement that remained significant at 18-month follow-up testing, compared with controls ([@bib25]). Here, we showed the possibility of improvement in WM within a day of practice. Importantly, WM training has been shown to yield broad cognitive benefits as well (reviewed in [@bib62] cite). For example, training older adults on a complex WM span for 20 tests across four weeks resulted in significant improvement on attention, verbal learning and reading span task ([@bib78]). In addition, a sample of 80-year-old adults who underwent WM training twice weekly over 3 months, showed increased visual and episodic memory performance immediately after training completion, compared to the control group ([@bib15]). In our sample although, WM increased among the participants within a day of practice, the increase was only significant when a period of rest occurred between training sessions. Taken together, these findings indicate that improvement and transfer effects of cognitive training engages neural processes that change slowly over many days of training, and suggests that daily rest that provides the opportunity for slow oscillatory brain rhythms to emerge may be critical ([@bib69]).

An important question to be understood is what mechanisms underlie WM improvement and transfer to other cognitive domains. To date, a handful of neuroimaging studies have attempted to characterize the neural changes associated with WM training ([@bib13]; [@bib24]; [@bib37]; [@bib56]; [@bib68]; [@bib87], [@bib88]; [@bib93]; [@bib91]). Results have indicated that cognitive training improves processing efficiency, with changes in recruitment of task-related brain areas including the prefrontal cortex ([@bib35]), striatum and hippocampus ([@bib31]), see [@bib79] for a recent meta-analysis. Thus, improvement in working memory may reflect greater efficiency of local neural networks that are associated with both working and long-term memory formation. Interestingly, sleep, in particular SWS, may be critical for restoring prefrontal executive control functions that relate to memory retrieval ([@bib94], [@bib89]). In fact, SOs, which are the fundamental cellular phenomenon underlying EEG activity in SWS may play a role ([@bib86]; [@bib60]). While it is well established that improved memory is associated with SOs during sleep ([@bib38], [@bib51]), Brokaw and colleagues 2016, showed that, after a period of quiet rest, increased memory for a short story was also associated with increased SO activity in young adults. Similarly, here, we showed that sleep or quiet wake, but not active wake, benefited performance and the gain was associated with SO activity during deep sleep and quiet wake respectively. Taken together with the recent cognitive training literature, greater efficiency in hippocampus-prefrontal cortex dialog may occur during quiet rest and NREM sleep, potentially mediated by SOs, resulting in enhancement of both working and long-term memory. Like sleep, quiet rest is characterized by a dramatic reduction in sensory processing, prevalence of hippocampal "sharp-wave ripples" ([@bib5], [@bib23]), and decreased levels of the acetylcholine ([@bib53]), a neurotransmitter hypothesized to set the appropriate neural dynamics for consolidation by regulating the balance of processing of external and internal signals (Hasselmo et al., 2006). In line with this thinking, the Opportunistic Consolidation Hypothesis posits that the core condition favoring consolidation may not be sleep *per se*, instead consolidation may be facilitated during any offline state with limited encoding and plasticity, which will reduce retroactive interference and permit SO-driven replay processes to emerge ([@bib57]). This may be particularly important in aging as individuals are faced with a reduction in sleep across many measures. Therefore, along with SO-rich NREM sleep, quiet wake may also facilitate memory by creating favorable conditions (i.e. reduced interference) for consolidation. Future studies should examine whether these shared neural features of the sleeping and resting brain, as compared to non-resting brain, underlie performance improvements from cognitive training.

Age-related deterioration in sleep quality, efficiency and continuity is well-known ([@bib71], [@bib27]), as well as declines in specific electrophysiological events during sleep ([@bib92], [@bib45]). In general, older people tend to experience less deep sleep ([@bib8], [@bib67], [@bib96]), decreased amplitude of slow waves (0.5--1 Hz) ([@bib19]), lower total sleep time, higher sleep latency, and a more fragmented sleep. Importantly, these changes in sleep have also been associated with age-related medial prefrontal cortex gray-matter atrophy and abnormal hippocampal-neocortical dialogue ([@bib49]). Compared with youngers, older adults may also experience changes in spindle/SO coupling with lower coupling over the frontal site ([@bib36]). Interestingly, [@bib36] reported that post-sleep declarative memory improvement predicted by the spindle/SO coupling in both young and older adults. In the present work, we reported positive associations between WM accuracy improvement and coupling of SO/sigma in SWS in older adults. Taken together, it appears that thalamocortical communication is important for memory improvement, and interventions that boost thalamocortical activity during NREM sleep may be helpful in improving both working and long-term memory in both young and older adults.

There are some limitations in the current work. In the current study, we did not examine EEG frequency patterns during the active wake state preventing examination of what brain activity in quiet vs active wake led to large WM increases in the former and only small increases in the latter. We hypothesize that though the majority of active wake is spent engaged in processing sensory input and executing behavioral responses, there are short bouts of inward mind-wandering during which the brain may experience increases in slower frequency activity ([@bib12], [@bib2], [@bib83], [@bib54]). Prior work has reported that delta activity is present and increases across prolonged periods of wakefulness ([@bib2], [@bib12]). Aeschbach and colleagues (1997) recorded EEG at half-hourly intervals during \~40 h of sustained wakefulness where EEG power density in the 0.75--9.0 Hz range exhibited a global increasing trend, as well as local increases in the delta (0.75--4.0 Hz), theta (4.25--7.0 Hz) and lower alpha band (7.25--9.0 Hz). In addition, in mind-wandering episodes; periods of task-unrelated thoughts that result in attention drifting away from the task at hand ([@bib83], [@bib54]), slower frequencies such as delta (2--3.5 Hz) and theta (4--7 Hz) EEG activity increase, compared with alpha (9--11 Hz) and beta (15--30 Hz) frequencies ([@bib12]). Together, these results support the hypothesis that the actively waking brain is speckled with episodes of low frequency brain activity that indicate inward reflection and mind wandering. However, the impact of this jostling between active and quiet wake on cognitive improvement needs further study. Second, since spindles are not present during QW, we only measured MI during sleep. As a result, the extent to which QW is mirroring sleep mechanisms in memory formation remains unclear.

In conclusion, we show that improvements in WM across a day of training may be more facilitated by a mid-day nap or a quiet period compared to wake. In addition, we hypothesize that, similarities between sleep and resting brain's electrophysiology events such as slow oscillations may play a role in this process. Additionally, our data suggest that WM improvement may benefit from similar sleep-dependent mechanisms as long-term memory consolidation (e.g., coupling of sigma and SOs). Therefore, promoting more and better sleep quality in older adults could improve their WM, especially in the context of brain training.
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[^1]: Notes: Data are reported as mean (SEM). SE; sleep efficiency, SWS: slow wave sleep, WASO; wake after sleep onset, TST; Total Sleep Time.

[^2]: SO power during SWS was significantly higher compare to SO power during Stage 2 sleep (all ps\<0.001) and SO power during QW (all ps 0.001). Further, SO power in Stage 2 sleep was significantly higher than SO power in QW only at C3 (p = 0.004) and was similar across Stage 2 sleep and QW at C4, F3 and F4 electrode channels (all ps\>0.07). \* represents p-value\<0.001.

[^3]: Notes: Data are reported as mean (SEM).

[^4]: Notes: Effect size r for the Working Memory difference score (Reaction-Time/Accuracy) and brain physiology association is reported. Significant associations (p\< 0.05) are marked with asterisks.
